The article presents results related to the bifocal laser welding of overlap joints made of HSLA and DP high-strength steels. The joints were made using a disk laser and a head enabling the 50-50% distribution of laser power. The effects of the laser welding rates and the distance between laser spots on morphological features and hardness profiles were analyzed. It was established that the positioning of beams at angles of 0°o r 90°determined the hardness of the individual zones of the joints, without causing significant differences in microstructures of the steels. Microstructural features were inspected using scanning electron microscopy. Both steels revealed primarily martensitic-bainitic microstructures in the fusion zone and in the heataffected zone. Mixed multiphase microstructures were revealed in the inter-critical heat-affected zone of the joint. The research involved the determination of parameters making it possible to reduce the hardness of joints and prevent the formation of the soft zone in the dual-phase steel.
Introduction
The constant development of the automotive industry entails the necessity of reducing the consumption of raw materials during the production and operation of vehicles. This development also involves extensive works focused on improving vehicle safety (Ref [1] [2] [3] [4] . Basing on these assumptions, increasing amounts of high-strength low-alloyed (HSLA) and complex-phase steels (e.g., dual-phase, complex-phase, transformation-induced plasticity) are implemented in car bodies (Ref 5, 6) . The use of high-strength steels enables the car structures production of thinner sheets. This results in reducing the total weight of vehicles and decreasing fuel consumption ( Ref 2, 4, 7) . The appropriate selection of both chemical and phase compositions of modern steels makes it possible to forecast the behavior of car bodies during collisions, thus predicting passenger safety. The chemical composition of HSLA steels is based on Ti, Nb and V microadditions, which form carbides and nitrides in ferrite . In turn, an important feature of dual-phase steels (DP) is the combination of martensite and ferrite proportions so that high strengthening potential and significant elongation is provided .
To obtain optimal economical results, it is necessary to select both appropriate methods and parameters of elements joining (Ref [15] [16] [17] [18] . Therefore, the focus is to achieve maximum possible joining rates while obtaining high mechanical properties of joints and their resistance against brittle cracking. Laser welding has been widely used in the automotive industry because of high process stability, easy process automation, low energy losses and high welding rates. In order to improve the quality of welded joints, welding processes can involve the use of a dual laser beam generated by two lasers or formed by splitting a single laser beam. The use of bifocal beams enables more precise control of joining processes, directly affecting microstructures of joints and their mechanical properties (Ref 2, 16) .
The dual-beam laser welding is a relatively new method of joining. There are some works on the use of the dual-beam laser welding in case of aluminum and titanium alloys or zinc-coated steel sheet . The use of dual-beam laser welding increases the amount of heat inputted to material leading to slower cooling rates. Moreover, this effect can be obtained after applying an increased distance between beams. Capello et al. (Ref 22) reported that it may positively affect the microstructure and hardness reduction in welds.
The field of dual-spot laser welding as well as dissimilar welding of HSLA and multiphase steels is relatively new. The growing importance of dual-phase steels in the automotive industry has inspired this study that focused on the assessment of the microstructure and hardness profiles of HSLA and DP steels overlap joints. Therefore, the main idea and novelty of the study is to investigate the effects of various bifocal welding parameters (such as beams positioning, welding rate and the distance between laser spots) on microstructure and resulting hardness profiles of HSLA-DP steel overlap joints.
Materials and Methods

Materials
Materials used in the tests were two steel sheets used in the production of lightweight safety-improved car elements, i.e., Docol H420LA and Docol 800DP. During welding tests, a 1-mm-thick sheet made of steel HSLA was placed on a 0.8-mmthick DP steel sheet. The chemical compositions of the steels according to the producer catalog (SSAB) are presented in Table 1 . Considering HSLA steels, the low carbon content and high content of Mn, Nb and Ti are responsible for the formation of a primarily ferritic structure with a little pearlite fraction. The chemical compositions of the two tested steels are compared schematically in Fig. 1 . Due to the slight degree of work strengthening during plastic deformation (up to approximately 100 MPa), HSLA steels are designated with the minimum value of YS, which for H420LA is restricted within the range of 420 MPa to 520 MPa.
In turn, dual-phase steels are designated with the minimum value of UTS because of a significant rate of work hardening during deformation (an increase in stress of approximately 300 MPa). Dual-phase steels are characterized by a higher carbon content (than HSLA steels). It is utilized during heat treatment when the formation of hard martensite takes place in a soft ferrite matrix. The increase in the ultimate tensile strength of DP steels up to approximately 800 MPa-900 MPa results in the reduction in uniform elongation A80 from 17% (HSLA) to 10% (DP). The hardness values measured before the welding tests are 194 ± 8 HV5 (HSLA) and 263 ± 11 HV5 (DP).
Bifocal Laser Welding
The welding tests of the overlap joints were performed using an automated rig equipped with a TruDisk 12002 laser disk and a Trumph D70 welding head. This head enables to split the beam into two. Variable and constant parameters used in the tests are presented in Table 2 , whereas detailed data concerning parameters used when welding individual specimens are presented in Table 3 . The positioning of beams at an angle of a = 0°designates the tandem mode (i.e., beams positioned one after the other, in accordance with the direction of welding), whereas the positioning of beams at an angle of a = 90°means that the beams are positioned in a line perpendicular to the direction of welding, as an example shown in Fig. 2 . The variable parameters also include a focal length (f), where a given value refers to the distance from the upper surface of the upper sheet. The penetration of the focal length in the welded material is provided in negative values.
Microstructure Tests
Before the microscopic observation, the joints were selected on the basis of a visual assessment. Specimens containing significant welding imperfections and those made during unstable welding processes were rejected. The structural tests were preceded by standard metallographic preparations including grinding, polishing and etching in a 2% Nital solution. The macro-and microscopic analyses were performed using a Zeiss AxioObserver.Z1 m light microscope at 950, 9100, 9500 and 91000 magnifications. The morphological details of structural constituents in various areas of the joints were revealed using a Zeiss Supra 25 scanning electron microscope (SEM). The Table 1 Chemical compositions of the welded steel sheets and the carbon equivalents according to the producer catalog 
Hardness Tests
The joints were subjected to rigorous hardness tests. They consisted of measurements of the specimens obtained at the highest welding rates. The measurements were taken using a Vickers hardness tester and a load of 49 N. As is shown in Fig. 3 , the cross sections of the joints contained 15 measurement points located in each sheet, at the half of their thicknesses. Due to the narrow width of the heat-affected zone (HAZ), points 4-6 and 10-12 did not lie at the half of sheet thicknesses.
Results and Discussion
Base Material
The geometrical parameters of welds made using various laser welding parameters presented in Table 3 were analyzed in detail by Stano et al. (Ref 27) . The use of the split laser beam changed the process of laser welding when compared to the conventional process performed using the single-spot beam. It was established that distances between two laser beam focuses as well as the positions of beams and welding rates affected the penetration shape and the width of individual microstructural zones. This research involved detailed microstructural tests performed for selected joints.
Both light and scanning electron microscopic observations made it possible to easily differentiate between the two materials used in the tests. The microstructure of the HSLA steel consisted mainly of ferrite (Fig. 4) , partially surrounded by pearlite. In turn, the DP steel contained the high content of martensite (approximately 45%) together with a surrounding ferrite (Fig. 5) .
The sizes of ferrite grains in the H420LA steel were restricted within the range of 4 lm to 10 lm. This was due to the high contents of Ti and Nb, which, in the form of carbonitrides, impeded the growth of austenite grains (Ref 28) . In steel 800DP, grains were slightly larger (4-13 lm) and the 
Fusion Zone
Because of the high cooling rate following the passage of a laser beam, the fusion zone structure was mainly composed of lath martensite (Fig. 6 ). These observations were confirmed by micrographs obtained using SEM for various laser welding rates (Fig. 7) . In addition to martensite, the microstructure contained martensite-austenite blocks (M-A) visible at greater magnifications (Fig. 8) . 7), when examining the DP 600 steel using similar linear energy, also revealed the presence of lath martensite with a slight bainite content. Similar results were also obtained by Xia et al. (Ref 2) in the case of steel DP980 welded using a higher welding rate and a smaller diode light spot in the focusing point.
As the compared microstructures were obtained by different parameters, it may be seen that the microstructure components in Fig. 7(a) are smaller and the average length of martensite laths does not exceed 10 lm. In addition, in some areas there occur parallel martensite laths separated by packets of smaller laths at the angle of app. 90°. The number of martensite- austenite (M-A) blocks is similar in both cases. Although in the first case, the welding rate was about 50% slower, in the latter one the beam was followed by another and both of them were focused on the upper surface of steel sheet. This entails the higher heat exposure, thus allowing grains to grow. Considering welding with 90°positioning and focusing beams below a steel sheet surface, the heat energy was dispersed over a larger area. Figure 9 presents the joint microstructure composed of (from the left) the fusion zone, the HAZ, the inter-critical HAZ and the base material. During welding, in the fusion zone, the materials of both sheets mix and crystallise forming a homogenous, primarily martensitic, microstructure. In turn, in particular HAZ subzones, depending on steel grades, some changes take place, thus triggering formation of various structures. The HAZ subzones for both steel grades are depicted in Fig. 10 . The coarse-grained HAZ (CG), finegrained HAZ (FG), inter-critical HAZ (IC) and in case of the DP steel subcritical HAZ (SC) and partially molten zone (PMZ) can be identified. The microstructure of the FG-HAZ and CG-HAZ zone consists of martensite and bainite. The amounts of mentioned phases can vary according to a steel grade. Yuce et al. (Ref 25) reported that the higher CE equivalent value determines a higher martensite amount. For this reason, the HAZ of DP steel contains more martensite than it may be observed in the HSLA steel.
Heat-Affected Zone
By contrast to the DP steel, the FG-HAZ of HSLA steel is narrower than its CG-HAZ. It is related to the higher amount of generated thermal energy in the upper sheet. Next, the heat is transferred due to thermal conductivity and by convection of the liquid metal to the lower sheet via the interphase between these sheets. Moreover, the upper sheet is directly irradiated by the laser beam. Post-weld heat treatment (PWHT) carried out by Zhu In the IC-HAZ, newly formed martensite islands may be found due to the lower temperature (in the range between A 1 and A 3 ). The content of ferrite grains increases gradually in HSLA steel, unlike in DP, where the microstructure radiply changes from FG-HAZ to IC-HAZ (Fig. 10) . The existence of subcritical HAZ (SC) may be also observed in Fig. 10 as a region between BM and IC-HAZ. This zone consists of ferrite and tempered martensite (Ref 11, 23) . Generally, the HAZ of DP steel was characterized by the fine-grained microstructure containing the mixture of martensite, bainite and retained austenite (Fig. 11a) . Grain boundaries formed during austenitisation were also clearly visible (Fig. 12) . Consequently, the H420LA steel contained mainly the mixture of martensite and bainite (Fig. 11b) and films of retained austenite (Fig. 13) . The HAZ width decreased along with increasing welding rates, which was directly related to a decrease in linear energy, also observed by Algahtani et al. (Ref 1) using a lower laser power. They reported that the decrease in the laser power from 2.5 kW to 1.5 kW was accompanied by greater structural refinement and the higher content of structural constituents typical for high cooling rates.
Transition Zone
The inter-critical HAZ of DP steel contained a microstructure which had undergone partial austenitisation and re-cooling, resulting in the reduction in the average grain size by half. Changes were also noticed as regards the geometry of ferrite grains which became irregular (Fig. 14) . In addition, in contrast to the microstructure of the base material, the transition zone microstructure contained grains of retained austenite. This structural constituent can be identified as bright blocky grains decorating ferrite grain boundaries (Ref 10) .
In the HSLA steel, most of the structural constituents underwent further refinement. Because of the lower content of alloying elements, in addition to ferrite, the microstructure contained martensitic-bainitic regions and significantly less retained austenite (Fig. 15) .
Hardness Profiles
The hardness measurement results concerning the twin-spot laser beam-welded joints obtained for both cases of the beams positioning were compared to the results of the previous tests. In those tests, welding was performed using the single-spot laser beam (Ref 27) . Single-spot beam welding was performed at a welding rate of 11-12 m/min; the maximum hardness of the fusion zone amounted to 430 HV5. The joints were characterized by the significant gradient of hardness. In the narrow fusion zone, the difference between two extreme values amounted to 15 HV5, whereas in the heat-affected zone the hardness was lower by 75-100 HV5. In contrast to the HSLA steel, where an increase in the distance from the weld center was accompanied by a decrease in hardness (Ref 1, 11) , the extreme measurement points of the HAZ in the DP steel revealed lower hardness than that observed in the base material. This phenomenon can be attributed to martensite tempering, leading to the formation of the soft zone (Ref 2, 7, 11) . The lowest hardness value in the soft zone amounted to 250 HV5, i.e., by 15-20 HV5 less than that of the base material.
The joints subjected to twin-spot laser beam welding in the tandem mode (Fig. 16) were wider than those obtained during single-spot laser beam welding. This larger width was caused by the reduced welding rate, necessary to meet the criterion of penetration. As a result, the linear energy of welding increased, which in turn led to the lower hardness of the joint (max. 415 HV5). It should be noted that in the DP steel, the lowest hardness of the soft zone amounted to 237 HV5. The difference between the hardness of the base material and that of the tempered material increased by approximately 30 HV5. In turn, the width of the soft zone did not undergo visible changes. This phenomenon for single-spot laser beam welding has been discussed by Xia et al. (Ref 2) . Twin-spot laser beam welding in the tandem mode was connected with an overall decrease in the hardness of the sheet made of the HSLA steel over the entire measured width. This decrease was caused by the significantly longer time (in comparison with single-spot beam welding) when the temperature affected mainly the sheet made of the HSLA steel (as it was placed on the sheet made of steel DP).
The smallest difference between the hardness of BM and that of the tempered martensite zone was present in the joints welded using the twin-spot laser beam (a = 90°) (Fig. 17 ) and amounted to 13-14 HV5. The positioning of the beams at an angle of 90°resulted in the formation of the widest welds and the greatest uniformity of hardness of the fusion zone and base material. Moreover, the lowest hardness of the fusion zone for DP and HSLA, i.e., 409 HV5 and 376 HV5, respectively, was obtained. Similar to welding in the tandem mode, the hardness Figure 18 presents data concerning the characteristics related to fusion curves in the primary points of the joints. The arrangement of the points in a horizontal line indicates the fusion line parallelism, which in turn is directly connected with the equal width of the face, joint and the root. The greatest width of the joint (over 1.4 mm) and the greatest fusion line parallelism were obtained for twin-spot laser beam welding at an angle of 90°. Single-spot and twin-spot laser beam welding curves had inverse characteristics (in relation to each other). The smallest width of the joint was obtained during twin-spot beam welding in the tandem mode, although both the face and root widths were wider than those when the single-spot laser beam was used. Taking into consideration the fact that the use of the tandem mode entails a decrease in a welding rate and an additional decrease in hardness in the soft zone, it should be stated that single-spot laser beam welding is more favorable as regards the parameters used. However, unlike twin-spot welding at an angle of 90°, single-spot laser beam welding leads to the nonlinear transfer of stresses by the joint.
It is remarkable that in case of HSLA steel there is no soft zone in the HAZ. Since there is no martensite in the base microstructure of HSLA, it cannot be tempered and hence softened. Indeed, there is a significant growth of hardness in FZ and around it. This happens not only because of the high cooling rate, since the carbon content is low what does not allow to obtain very hard martensite. Rossini et al. (Ref 23) welded different types of advanced high-strength steels for automotive industry. In every case, the soft zone was observed, as in this study for the DP steel. A different behavior was observed by Zhu and Xuan (Ref 24) . In the FZ hardness was very similar to BM and there was no soft zone in the HAZ. Moreover, the hardness increased to the peak point. The differences are caused by the d-ferrite in the FZ which forms right after welding, because of the high Cr content.
The beneficial reduction in hardness after applying the twinspot welding resulted in similar results to that reported by Zhu and Xuan after applying the post-weld heat treatment (Ref 29, 30) . The difference between the highest hardness of the HAZ and BM was only about 20% leading to a relatively smooth joint hardness profile.
Conclusions
The applied parameters of laser welding involving the use of the beam split into two components enabled the obtainment of high-quality joints made of HSLA and DP steels. Dissimilar chemical compositions of the steels did not adversely affect the quality of the joints. The primary structural component of the fusion zone and heat-affected zone was lath martensite, indicating a high cooling rate, regardless of beam positioning. There were films of retained austenite and martensite-austenite blocks between martensite laths and martensite packets. The principal microstructural differences were observed in the intercritical heat-affected zone. In the HSLA steel, the mixture of fine-grained ferrite and martensitic-bainitic areas was identified. In case of the DP steel, characterized by greater hardenability, the microstructure was less fine-grained and contained martensite islands and retained austenite grains. The heat-affected zone and the fusion zone did not reveal significant tempering effects caused by the second beam. The effect of the interference of the beams was obtained, although a slight decrease in hardness, if compared to single-spot beam welding, was observed. Further research should focus on an increase in the distance between the focuses larger than 1 mm and different power distributions of the laser spots. Fig. 16 Hardness measured at the half of the sheet thickness on the cross section of the joints made using the dual-beam technique, a = 0°F ig. 17 Hardness measured at the half of the sheet thickness on the cross section of the joints made using the dual-beam technique, a = 90°F
In the DP steel, the zone of low-strength tempered martensite was formed between the base material and the HAZ. This phenomenon can be partially prevented by positioning the beams at an angle of 90°. Moreover, such a welding mode enables obtaining the widest overlap joint and reduces hardness both of the fusion zone and the HAZ by approximately 10%. In turn, twin-spot welding in the tandem mode is more efficient and makes it possible to reduce hardness by approximately 5% in comparison with that obtained during single-spot laser beam welding.
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